an investigation of the efficiency effects 

OF GAS TURBINE FLEXIBILITY WITH 
BLEED-OFF UTILIZATION 



Andrew Bodnaruk 




An Investigation of the Efficiency Effects of Gas Turbine 



Flexibility with Bleed-Off Utilization* 



A Thesis 

Lt.( jg) Andrew Bodnaruk USN 
Juno 1947 

Rensselaer Polytechnic Institute 
Troy, New York 



A thesis presented to the faculty of Rensselaer Poly 
technic Institute in partial fullflllraent of the 
requirements for the degree of L'aster of Science* 



Ackno^le<?^ements 



The writer wlBhen to acknowledge with 
deep appreciation the fact that the theme of this 
thesis is based upon a suggestion made by 
Professor Neil F* Bailey. The method for the 
fundemental Investigation of General Compressor 
Stability and General Compressor-Burner Stability 
used is based upon a method presented by 
Professor Neil P. Bailey and is presented with 
his permission. He also wishes to acknov/ledge 
with gratitude the understanding of his wife, 

Ann Catherine, who has had to live and share her 
home with so inanimate a subject as ”.An Investiga- 
tion of the Efficiency Effects of Gas Turbine 
Flexibility with Bleed-Off Utilization." 






Table of Contents 



Ai’ticle Page 

Intro(?'jction 1 

I General Compreccor Stability Conditions 

vjlth Bleed-Off Air 4 

II General Compre'^ oor-Bumer Stability 

Conditions with Bleed-Off Air .... 9 

III Results of Mathematical Computatlons- 

Tables and Graphs 18 

IV Effect of Bleed-Off Air Utilization on 

the Various Systems 27 

V Sample Calculations 36 

VI Bibliography 47 



Table of Illustrations 



Figure Page 

1 Coapre’”sor Bleed-Off 4 

2 General Gas Turbine Unit 

3 v'elght FIotj Variation with Pressure 5 

4 Co'^^rencor Weight Flow Curve 7 

5 Efficiency Tabulations 20 

Curve Page 

I Efficiency vs. Pressure Ratio Siciple Cycle, . ♦ 21 

II Efficiency vs. Fre''sure Ratio - Sisiiple Cycle 

50^ Compressor Intercooling 22 

III Efficiency vs. Pressure Ratio- Simple Cycle 

100^ Compressor Intercooling .... 23 

IV Efficiency vs. Pressure Ratio-Turbine 

Compounding. 24 

V Efficiency vs. Pressure Ratio- Turbin e 

Corapo '.ending ,3^3,^ Compressor Intercooling. . • .25 

VI Efficiency vs. Pressure Rs tio-Turblne 

Compo Tiding, 100^ Compres' or Intercool ing . . • 



26 



Symbols Used 



- Specific heat at constant volume, BTU/lb/deg F# 

C - Specific heat of constant prer ure, BTU/lb./<2es f'* 

p - 

g • 32.2 ft* per sec* per sec. 
j 2 773.26 ft. lb per 3tu 
L z ’^^ec'no lical work 

P - Absoluts pressure, lb. per sq. ft. 

Q r Heat added or removed, 3tu 
R - Gas Constant, 53*3 foj" sfr 

T - Static Temperature, deg. Rankine 

Tq z Total temperature, deg. Rankine 

V z velocity, ft. per sec. 

V - Specific volume, cu.ft. per lb. 
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TNTROr UCTION 

Engineering study of the poosibilities of the gas turb- 
ines as a drive for ship propulsion has been conducted in this 
country by various large industrial firms. Various arrange- 
ments have been considered including the electrical and 
hydro-mechanical transmissions. The principle difficulty 
in the development of an efficient gas turbine has been 
the need for high teciprature alloys. This difficulty has 
been overcome with the introduction of various steel alloys 
such as 16-256-6 and the Cobalt-Chromium-Columbium alloys. 

The introduction of these metals hps now put gas turbine 
development on a par with the larger steam plant develop- 
ments. For ship drives the combustion gas turbine cycle 
offers efficiency enual to the best maritime steam power 
plants, which have a maximum over-all efficiencies of 
about 25^* Weight and space requirements of equipments 
are a serious factor in this application. The gas cycle 
eliminates the steam generator, the steam condenser. ’’With- 
out doubt the gas cycle plant will offer a decided decrease 
in weight and spac e requirements, despite the air compress- 
or, the regenerator, and the gas turbine. 

Although gas turbine cycle efficiency is comparable with 
steam plant efficiency the gas turbine is es ential*y a point 
design. Great Savings in weight and space requirements are 
effected by gas turbine installation. The point design of 
a gas turbine is that point at which maximum efficiency is 
obtain Gd. Any excessive variance from this designed point 
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(i.e,, partial load) brings a correspond ing decrease in the 
system efficiency. This factor is readily understood when 
we com e to consider that compressor design in its present 
stage of development can vary little from its designed load 
without seriously decreasing the c ompressor efficiency. 

This also applies to some extent to the turbine efficiency. 
Various methods have been proposed to increase the effi- 
ciency of the gas turbine cycle at partial loa d. The use 
of separate turbines Improves the partial load performance 
since the compre<^Gor and its drive turbine can operate 
independently at their optimum designed speed regardless 
of the speed or load requirements of the major power turbine. 

It has been proposed that for ship manoevering condi- 
tions that rapid acceleration may be obtained by employing 
a by-pass valve ahead of the power turbine in operating the 
eompre;-nor at full load. Any excess gas not required by the 
pov;er turbine for any given load under which it may be oper- 
ated can be els charged to the atmosphere through the by-pass 
valve. The closing of this by-pass valve and thus sending 
thin bleed-off air again to the power turbine will produce 
maximum torque characteristics. It has been noted that 
marine propeller torque speed characteristic s are such 
that during reversing operations while the propeller is 

*Dr. J.T. Rettallata *’Gas TurbineS Powey January 19^^ 
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still rotating ahead the maximum torq ue reauirements for 
reversing occur at approxima tely 40^ of the normal shaft 
speed. The torque speed chara cteristics of the gas tur- 
bine can fullfill this condition; the gas turbine will 
thus have approximately the same acceleration and power 
characteristics as the present day marine steam turbine. 
Present day gas turbine plants yeild good efficiency 
and flexibility from 75% full load to full load. It is 
the purpose of this paper to investigate the possibilities 
of taking this bleed-off air as proposed and passing it 
through a separate turbine wheel. This turbine wheel will 
of necess^ity be isolated from the high temperature wheels 
due to the high temperature differential. Since compress- 
or stability and compressor-burner stability are Important 
factors in flexibility control the interprets tion of this 
ana lysis will yeild the important information which will 
make bleed-off analysis feasible; this will be undertaken 
and presented. The added Increase in efficiency in the 
vicinity of h load will be investigated with various 
types of gas turbines as exist in present day development. 
The author will endeavor to find the most appropriate gas 
turbine unit which will yeild the optimum conditions for 
flexibility and efficiency for good partial load charact- 



eristics 
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I. rT?^?JSRAT. COMPRESSOR STABILITY CO:jPITIONS 

WITH BT,^ED~QFF AIR 

A. In the analysis of the gas turbine flexibility 
as proposed we must of necessity reflect and develop the 
effects upon the system as a whole, and in measure upon 
the individual oartc of this system. Under given con- 
ditions encountered in actual practise it is known that 
a continuous flow c oapressor coupled with a burner and ful 
fuel system may become unstable. It Is of utmost Imp- 
ortance that such c oncitions be understood, for often it 
becomes a major limitation in gas turbine design. The 
author wishes to present the development of compressor 
stability Viflth consideration of bleed-off air as proposed. 




B. During a transient disturbance we know that the 
rate of flow entering equals the rate of flow leaving 
plus the rate of storage. The instantaneous conditions 
durin g the disturbance are W]i,\y2*^x wher e; 

(1) rate of flow entering 

(2) W^» rate of flow leaving 

(3) rate of storage 
dt 

Sine e W tt ^ equation (3) becomes 

nRT 
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PV 

( 3 a) d( nRT )s rate of storage 
dt 

Th us we can sta te B In the following manner: 

PV 

( 4 ) Wp /d(nRT ) 



C* The variation of weight flow thru tho system with 

pressure can be expressed by the general curve as shown below. 

P 

K 

Wo Wi 

Now letting represent any Initial steady state cond- 
itions, we can express any change in JIi, and WgWith 

pressure as dW where 
dP 




and. 



(1) ^ : Wt -Wq 

dp P-Pq 

(2) (Wi-Wq). ^ (P-Po) 

dP 

( 3 ) ("i-Sx-’'o> = (f-Po) 



(4) (’f3-Wo)s d(W2 ) (P-Po) 

dP 



We can nov/ state equation B( 4 ) in terms of va riations in 
flow from the original steady sta te conditions: 



or. 



^ PV 

(5) (Wi-Wj^-W^r (W2-W^) / nRT 

dt 



d 

(6) ^(T/l-Wy) (P-Po) = ^ (P-Pq) / (nRT) 

dP dP 

ct 

simplifyln g, 

(7) ^ (P-Pi)* dja (P-Po)/ ^ (P-Po) / 

dP “Hp ^ dP 



d 



PV 

(n^ 

dt 
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At thlJ3 point let us assume that there is no variation In 
temperature v/ith pressure. V?e know this to be untrue, but 
make the assumption for the sake of simplicity in the ana- 
ly^’is. With this assumption, equation C (7) ciay be simpli- 
fied to: 

(8) 6V - 2^ 
dt V 




) 



Upon examination wo see that equation C(8) Is In the form 
of a linear differential equation: 



(9) AP s B 
at 

The solution of this type equatij^n can be accomplished by 
multiplying equa tion C(9) by Er* to obtain: 

(10) § 2 , / ape^'^ where 

dt . 

(11) d(PE^'^) « 

dt 

(12) PE^*^ ; BS^'^dt / Cl 



(13) Bp AT / „ 

- jE c 

(14) P , B 

A 



Now applying this intergrating procedure to equation B(8) 

we obt ain: . \ 

nRT / dWi . ^ « dWo ) 

(15) P = C^E V- ( dP dP “d? 



or, 

(16) PsPq/ C 




dWi 







t 



or. 



_ nRT ^2t “nRT ^-t BM rt 



(17) PsPoCiE 



dp 



E 



vr 



nRT aW^ 
here; E“ v dP 



istlcr of the 
of the compressor. 



Toad and - 



ap 



S 



V 



and 



dWi 



■~="nSl 

E V 

nRT It 

V dP 



dY/-, 

dp 



define the character- 



dofinos tho charactwletlce 
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D. Clcniflcance of **athe.)a tlcal Results. 

Let us examine a typical fros^ure versus n^eight of 
Air Eelivered Curve. 



vv 

The ^ and n?T dffy define the cheraeterletlco of 

the load as stated above, and we know that rjRT dW^ Is 

always positive Irrespective of the load. Therefore In 

analysis we notice that the nRT dW^ wm yeiid to the 
. V dP 

system the saae effect as that yielded to the system by 

n|T^ having negative slope stability for the compressor 

will result for the exponent of (e) In our equation (17) 

will be negative and any disturbance to the system win 

be da npod out. Now noting that nllT ^ ca rrles the 

V dp 

came sign as nRT ^ it always will tend to stabilize 

V dP 

the system, e.if, any disturbance to the system win also 

tend to damp out. Thus upon the basis of this analysis 

we are encouraged to Investigate further this proposal 

of bleed-off air for flexabllity, for it shows decided 
possibilities. 

Leo uS determine the rignificance of the term 

which defines the characteristics of the co.irrerror, 

^ Sood stability characteristics 

"dv/i 



this term 
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must remain negative, for if the term goes thru zero 
an G the slope becomes slightly positive, the exponent (E) 
of equation (17) will become plus and any disturbance 
will be amolified. 

^^ith the promiring results of the stability effects 
of the pro'^osed bleed-ff; it is the purpose of the author 
to present in this and the following sections the effects 
of this bleed-off on the efficiencies and outputs of var* 
tous gas turbine insta lie tlons as proposed foi” present day 
power installations. It is to be remembered that the 
proposal of bleed-off is one which will be undertaken at 
loads below full load with an eye to increasing the eff- 
iciency by sending this bloed-off air thru a separate 
turbine wheel on the power unit. 
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1 1 . GOi’gR/VT, rO\*?Rgrr.QR-DltRNER ST/tDILITY ( Cg ^ TIOilS 

Br,‘^:Er-or¥ aih 



A* Referring to dlagrea In section I; during a 
transient inturbanco t!ie rote of flow Dnteiing eQualB 
the rate of leaving plus th^ rnte of BtoraKO* 

Whoro: W, W W,, and ? a re the instantanoouc com Itlone 

L # ei $ 

during the disturbance and, 

(1) flow entering 

(2) Wg r rote of flow leaving 

(3) ^ s rote of storage 
dt 

Since * z ZZ equation (3) becones 

nRT F/ — rate of atoraga 

(3©) d(nHT) ~ 



therefore, frotn A? 



TV 



d(nKT) 

(4) Wg / dt 

The variation of weight flow thru the r-ystea with proc'-ur© 
variation can be expressed by the general curvo Os shown 
In Section I-C. Letting ^*o,^o, reprefcnt any Initial 
steady state conditions, the dope of the 3 *111 be 

HnHar^Ei 

p-p,s ^Tp 



or 



(5) W^s (P-Pq) ^ 



(6) V?2Z (P-Pq) ^ / Wo 

dP 

(7) (P-Po) d]^ / 

“37 

and sub'^tittJtlng equati ons 5,^» •'’nd 7 in 4: 



FV 



A V 

(p-Pq) - (p-Pq) av2 / Wo / (J’-i’o) 5Ex ^ *o /‘Sll 

dP uF” flp dt 

Since both pressure and temperature vary with tine the rate of 
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( 8 ) 



d 

storage s nRT s V ^ « £V ^ 

dt nRT dt nRT^ dt 

It Is to be noted that the usual pressure-weight flow 
curves for a compressor are taken for steady state condi- 
tions and can not be taken directly to predict transient 
conditions for they do not take into con sideration inertia 
effects. One method of including such effects is to put 
forth the fact that during a transient condition, a comp- 
ressor ¥/ill deliver air at a pressure P where 

(9) Ps ^1“^ dh^ and is the pressure obtained 

neglecting inertia affects; I dT?i is the in ertia effect. 

dt 

Now the rate of pressure change in the system becomes: 

(10) ^ ^ dWi- id% 

dt “ dWi dt dt 



Setting up a heat ba lance for the system 

(11) (Wi-Wjj) Cp (T-Tj) « wh; 

where H is the heating value of the fuel. Diff erentiating 
equation (11) with respect to ticie; assuming T]^ - constant 

(12) (Vi-TTx)Cp Cp(T-Ti) (^ . dW^ ) . H dw ^Hdw dP 

dt dt dt “ dt ~ d? dt 

(13) ^ - H ^ ^ ( T-Ti ) dW, - ^ 

dt *“(Wi-Wx)Cp dt (V/^-Wjj) dV^ dt 

S H ^ dP - T-T-i ( d^ T ^dWx)_ dP 

(Wx-Wx jCp dP (Wi-Wx) — UV 

'^/it h equation (13) substituted in (8) rate of storage s 

V ^ ^ PV . Il H dw .. T-Ti / dWi ^ dWx \ 

nRT dt nRT^ (( dt “ “ “sr| 
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or rate of etorag© - 

(14) 



1 / V . PV H 
n \ RT 



^ ^ 1/ ^ - I \ 

RT^ (Wi-Wx) Cp' dP /\ d'^i “at *W*)/ 



PV (T-Tt) (d??i-dW5c) 

TwpW^)(dt “^) 

If t he burn or io operating at velocltlen high enough to be 
nea r the acoustic *<<2(Tn)® m constant 



PA 



or Wg 



P . 
K(T)t 



and taking In we have: 

In' ?<2S In K / In P - hln T 
taking the differential: 



(15) ^ 



(16) d^2 



P “ T and 

P ”2 



In analysis: At the onset of any transient with the changes 

of W, T, and P ’from the steady sta te values are small; 
thus we can intergrate equation (l6]j) 

( I6a ) dWp _ W2 dP . Tz I H awdP _ T-Ti -dWg flp 

P 2? \ Cp dP dT 




From equ at ion 9 



(18) P-Po = (Pi-Po) 

(19) Pi-Po ^ 

equati on (18) 



- I dWi 

“cTs 

) dPx and 



dWi 



and for s^all changes 
substituting equation 



(19) 



in 
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(20) P-Por (Wi-Tfo) a?i I dW-, an (5 from equation (20) 



dW. 



dt 



and equation (1?) 

(21) 



^2”'^0 -/ r.-|., ■ II » • j. • \jt — X «» T \ * 

2 Tq CpdP ^ ^tir- // 



(Wi-Wo)dPi ^ dWi 



(21a) W2-#, 



>= / Wo . 
\ 



H ^ 

2 To C (Vy-Vy.) dP 



(Tp-Ti) (W1-W2) 

2^0 (®l-*x) 

(PX-Pq)- I dWxV 

mrj 

( T„-Ti) (BX-T.-2) 

2^' fWl-*x) 




Su - 


H 


c 

1 

H 

E= 


dw 


Po 


2 ToCp 




dP 








- K 



dw\/dWx 



Durln’i s transient condition equation (1) becomo a 
(23) (Wi-Wq) s(li’2“Wo) / (Wx“Wq) / rate pf storage 
and nc”; anbati t Jting equations (22) and (l 4 ), v;e obtain the 



follow i:ig result: 

§ ^ (.gi r 7 oi, - d(W^>Y/n) 



dt 



dt 



T I VI •• 

1 2 ToCp(Wi-Wx)dP 



^oV (T^-Ti) 1 dPi i:_ _/ /PoV H 

dWi rTo 



1 / V . PnVH_ 

n \ RTo RTo^(y.‘ 3 _-Wx) dP / 



i (Wi-v/o) // 1 - / Eq 

I p 



- H 



dw 



O 2ToCp dP I dV/i 




lozlx 

2 T« 



1 \ V ^ P^V H ^ I 

n \ RTo R^ (Wi-Wx) Cp dP / 



r 0 
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?»0 shall review for a momont the eolation for seconri order 
difforeitiaL eouatione. Equation (24) .jay bo written 

(25) a2^il!Io) f a amz*a) / b . 0 

d t*^ C t 



and 2r:s'Ji)in«i ^ thus 

(26) d^x / a ^ / 

dt 

and D^- 



Let operator D • d . 



(r-2/ aD / b) X- 0 



^ettinpc 



/ aP / b ; 0 



( 25 ) beco.nec 
b(x) s 0 

d2 therefore: 
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a'lc' v,’lth the aid of 



e~yat.ion (12) we obtain the folloring 



ref u'’ t : 



(23) a s Fj2H 

WqI 


VPo'^ 


dw To“'?l 
^ ’2To"“ 


Iq-Ii 

- nTo 


- lia 

nPo mi=^xi 


[ W dP Tb 




?a <3” (SalSi) 
w dP Tq 








(29) 1-Ho aPi_. 


1 - dw To-Ti 


/ Tfi-Tl 


Pp d(*l-Wx) 
132 


w dP 2 Tq 


2Tq 


VI 


1- QW T^-Ti 




nRTo 


TT dP To 



C o 
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B. The cignifioance of re'.sltf obtained fro. the jiath- 
oaatical uevelor.-nent in 'Section II A cay be to ted c^’ followc 
Eqoaoio.i (26) is the stability eovation cnr t.i; a- iy to this 
c-y 5 tonj ar oevelooed if the Dagnlt'.ice of dleturbar.ce is not 
to'' great. In analysis when (a) renainr a plus number any dis- 
turbance to the ryrtem ¥/ill be camped out; if (a) becomes a 
minus number any disturbance to the system will be amplified. 
Let us further examine our syrten and the effect of air inertia 
for we shall later sec that air Ine rtia play*"^ a very important 
'part in the conprer cor-burner stability. In the case of no 
burning at the burner T^* and n * 1 and investigating this 
effect on (a) we find 

(30) a . IRTi?;r,^ - Wa dPi 

VTq^ Pq d(Sl-’'x) 

This equation indicates the., the effect of air i lertia and cur 
bleed off aii is to mal:e pocrible stable creroticn Y/lthout bum 
Ing, even where our slope of dPi is slightly positive. 

In stability to the siystern cOGimences at the point when 

(31) dPj y ISllla 

a('fli-Wx) vPq 

It is to be reme.nbered that the inertia efrect is ;ot an easy 
effect to calculate for it is a factor inherent to a given 
system. -toweyer it is important to romember that the inertia 
ef ‘‘ect wi'' ’ be e.'' entially the same in case ot lo burning as 



^ • x> 
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an with burning > provided the flow and preoaure are the same 
The condition for pulsation for e given value of I Is given 

e 0 



by the equation, (whore dw 

dP 



(32)( V/3«Wy ) dPi 
P 







V 



ap 



STwpWjt t: 




To-Ti 



In analysis for cases of low air Inertia the effect of burn- 
ing is to foster pulsation (assume temperature ratio In com- 
bustion chamber eoual to 5) in a system that would otherwise 
be stable with no burning. To further examine this effect 
of burner temperature on stability let us consider the limit 
of stability to a system with no air inertia , or 

B 0 



dP 



^ <U%-Wx) 



This yeildc. , 



(33) Tq-Ti knowing gar. stored in burner 

~F^ To 

» 



Is PV . 
nRT 

(34) d nRT 



dP 



s JL. 

nRT 



^ flTo ^(ffl-Wy) 



To 



dP 



Returninct to the oririnsl heat balance equation (12) with ^ 

dP 



(35) a T, 



aT^-Wx) 



T -Ti 

S - o 1 

'MT f«-» 



This yollds 
(36) 5 



PV 

nRT . 
dP 



nRT 



■‘•o 

p dT^i-Wj^) 
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In Interpretation, when the conditions in the system are such 
that equation (33) Is satisfied from equation (36) we observe 
that an increase in Dres<^ure to the system is ac-^ompanied by 
an increase in flow weight storec in the burner. This is the 
desired situation, the stable condition. Vfe raay conclude 
from the above analysis that our proposal of bleed-off air 
and its resultant effect on compresi or-burner stability is 
one which shov;s promising application - for the effect is 
one which tends to maintain system stability. 
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III. RE irT 0? .''ATHSMATIfAL rO'-PUTATIOKb 



TABT,EC A Mr GRAPHS 



A. The gas turbine of the constant pressure combustion 

type comprises three conponents; the compressor, the combus- 
tion chamber, the turbine. Computations were first 

carriec' out for a simple cycle, operating at full load with 
half loa. bleed-off. Curves were plotted representing eff- 
iciency versus prcr<ure ratios of four, eight and tv;elve to 
one respectively. -C^urve I A )- A heat regenerator was added 
to this cycle and a curve of efficiency versus pressure 
ratio was also plotted for this cycle variation.- fcurve IB*) 
The efficiency increase over these two systems due to the 
utilization of bleed-off air via the additional turbine wheel 
was plotted ahd is represented by curve I C and I B respect- 
ively. 

B. The simple cycle with and without regenerator was 
then subjected to the effects of compressor compounding of 
50 and 100^. The efficiency of this variation versus press- 
ure ratio is represented by curves II Al, and II Bi for 
cooling; curve IIAi without generator, curve II Bi with re- 
generator. The effect of the utilization of bleed-off air 
Is represented by curve II Cl for the system without regen- 
erator, and curve II Bi for system with regenerator. 

C. The same procedure of labeling has been followed 



In th© care of comprofror conpoundlng 100 ^ cooling. Tho 
curvec are of the net III and are denoted by subccrlpt 2 . 

D. ^fe then nubject the simple cycle to turbine com- 
pounding; i.o. after the first stage expanclon the gae is 
reheated to Itr original temperature and then expanded in 
tho second stage. The same system of labeling as outlined 
in paragraph B of this section has been followed. (Curves 
IV Aj, B3, C3, E 3 ) 

E# Curves V A4, B/j., C4» D4, represent turbine com- 
pounding combined with compressor compounding 5p^ cooling. 

F. Curves YI A^* B5, C5, D5, represent turbine com- 
pounding combined vr ith compressor compounding with 10(^ 
cooling . 

0 . It is to bo noted that T, S diagrams have been 
drawn ropresentlng the various complex systems on the 
curves to simplify the understanding of the curves. 



TYPE OF IJ' T^r,• A"I0a 
PRE.~ URE RATIO 

To 2 2 1500OR, nt 5 s .85 

n,f m .60 

2ff« without regen era tor (a) 
Eff. with regenerator (b) 

% increarc efficiency 

1 f 

Eff. with bleed-off use (a) 

^ inc reaoe over (a) 

# 

Eff. with bleed-off use (b) 



f 
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C’IMVLS 
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aaRaaamPMftpaaa ipf Snappa»P'’BaHaaRP«« ivMaaai mmrnj «p««iar piBamaaaRMapaaRHBaaaaaaapppppppppppptPRPHfaaiP •SSniaapal 
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aaaaaaaai yanaaB.aa*' ^BBBBaai ipaai BBaaaBaaaaaii iaia' ii 'iiaa^Bift « ■ iRpaat PBaaBBaBaaBBBBaBaBaBBaaaBBBaBBBBaBaBaaaaaaBaiaaaaaipaBa ■aaaaaaBBal 

BaaBaapaai aaaaa PB «aBBPP' ^bbb aaBBauaaBB iaBaBBr-^iaTat i aaak'^ iBBaaapBaBnaBBBaaaaBBaaaBBaBaaaBBaaBBaaBRaaBBBBpaaaBaaaBBBBaapPaia BBaaBaaaBBl 

BaaiaaaaBi «-:p^Br BPa*%.' ^paaBBaBaaBaPaBaB ipBaaBBh. '*BpBP..apBaapr . a iCBBiaaaaB laaaBPBBaBaBBBaBBBaBBaaaaaaaaraaaaBBaBBBBaBnBBBPBaBBBBB 

aaBBBBBBBi aaaBa*' '^^'MaaaBaarB Bapaai taaia aBBaaaBaa bbi aaaaaa. ai A' jaaBaaBBaa laBaBaBBBaBaBBBBBBaBBBaaaaaaBaaBBBBBaaaaaapaBBBBaBaRBaa 
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A* EffectB on the Simple Cycle. 

The re*'j\iltf! of the calculti tion with t.\irbin© end ccsp» 
rep'^or efficiency equal to .65» the turbine otfivioicy of 
the scporato wheel eoucl tc .60, nnd a^u-"t to 1500 degroen 
R are given In Table A. It is to be noted ttist the t©r*»p- 
erature of tho exhaust gaeec Is tlve"? y M"h '’n*' it Is 

cle «r tha^ utlliza tlon of this exhaust h»*’t w-iuld Increase 
tho efric’oficy of the basic cycle. Thi? is possible by trana- 
ferr Ing nv such heat os ponslble to th© coeproi sed air 
dollverod to the c'^nbiistlon chaab er« Thus by reducing tho 
fuel consunption, the overall efficiency of tho cycle la 
Improved, ac Is evidcnc od by curve I -B et a preanuro 
ratio of 4 to 1. Thera 1 b no Increase In officloncy at preoa- 
uro ratio 8 or 12 due to tho high te^pernture of tho air 
after conprecnlon and the fact that to Halt the nizo of tho 
regenerator we aasuao s mean tennerotiTc cif f urc lUlal cf 120 
degrees. Examining the effect of the utilization of bleod-off 
air in this clnnle cycle , we find that the nredowlnant Inc- 
rease occurs in the vicinity of tbn nr©'' ure rntio of 4 to 1; 
r '"^rn by risen of curve lA to IC, and by cna^arlson of 

curve IB to I-. As the propture ratio Is further increasod 



the efficiency effect (i.e*, net output B.T.U, per lb. of 
air) drcpo off consid er ably. At the higher precc-ure ratios, 
(i.e. 8 and 12 to 1) the compreG"’ion v/ork increases rapidly, 
accounting, for the rnarp decrease in efficiency. This is an 
important frctc' to remember in considering the effect of 
bleed -off utilization upon the syr terns in general. The in- 
cr ease In efficiency ts^ the basic systems is a dependent 
function, and depends upon the efficiency tendancies of the 
basic system, ^hen this basic efficiency is such as to give 
large Quantities of air at end of compression temp'Orature for 
bleec-off utilization; the corresponding increase in efficien- 
cy will be high, as sh^wn by curve IT) eo compared to curve lA. 
As proopure ratio is increased the effic'ency of the basic c 
cycle dr'^ps off (curve lA); thus less air is available for 
bleec-off utilization ana the corresponding increase in eff- 
iciency droos off. It is to be noted that as the pressure 
ratio of concres.'' ion is increased the temper'* ture of the air 
leaving the comrrer-ror becomee higher and due to this higher 
temperature we are able to obtain more work from a given amount 
of bleed-off air, but the difficulty encountered lies in the 
fact that as the pressure ratio is increased in the basic 
cycle the overall cycle efficiency drops and less and less 
air is available for bleed-off. Therefore we can see that the 
amount of air available for bleed-off utilization is the more 
important consideration. This factor i" in evidence in the 
examination of curves lA and IC. 
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B. Effects on Compres or Cotnpou ndinc* 

Referring to the curves II and III and checking Table 
A we find that compounding the conorespor yields rerulta 
showing a substantial increase In the efficiency of the 
respective cycle. This substantial increase in efficiency 
being greater the more efficient the intercool ing (i.e,- 
curveo IIAx compared to IIIAgJ curves IIB^ to IIIB2) In 
analysis the increase is obtained from the reduction of 
comprer ''ion wrrk, since the turbine work is essentially the 
'sane. In analyzing curve IIA^* 50 % intercooling, it is to 
be romenbered that in intercodling the temperature of the air 
entering the combustion chamber (Tq^) Is reduced; thus an in- 
crease must be made in the quantity of fuel supplied to raise 
the temperature of the compressed air to 15OO degrees R. 
Therefore for pressure ratios up to 8 to 1 the efficiency of 
this cycle remains constant, the reduction in com: res •'ion 
work being balanc ed by the increase in fue^ cuantity. This 
reduction of ccmpreGrlon v^orl- overcomes the i icroase in fuel 
in the system of 100 ,^ intercooling and thus the efficiency in- 
creases to the pressure ratio of 8 to 1 . Again the increase 
in efficiency (curves ITBi and IIIB2) due to regenerator eff- 
ect is more effective at the lower pressure ratios where the 
net output in B.T.U. per lb. of air in greatest. In the 
case of 50 % intorcooling tho effect of utilization of bleed- 
off air is greater at lower pressure ratios (curve IDx) and 
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anr? drops off rapidly v/hen tho pressure ratio is increased 
above 4 to 1. Ther net output in 3.T.U* per lb* of air In 
this region of increased pressure ratio drops accordingly* 

The stabilization effect to the system due to the regener- 
ator is noted in curve IIIB 2 . The Increase in efficiency 
in the cycle with 100^ intercooling shows marked gains at 
the pressure ratio of 8 to 1, dropping off rather sharply 
after this peak is reached (curve IIIC 2 ) This general trend 
is followed in the system with 100,^ intercooling and regen- 
eration (curve IIID 2 ) but is more or less modified in effect 
due to the complexity of the system; for the cycle is not 
then dependent on one f'-*nctlon for increase in efficiency. 

It is seen therefore that the effects of c cmpounding re- 
generation, and utilization of bleed-off air are a great bene- 
fit to the system, for a considerable Increase of out-put is 
ga ined . 

C. Effects on Turbine Compounding. 

In this section the expansion in the turbine has been 
accomplished in two stages. The exhaust gases from the 
first stage are passed to a second bombustion chamber where 
fuel is again introduced and burned at constant pressure, thus 
restoring the original maximum temperature to the air. Upon 
invertlgati on thi* results in an increase of overall eff- 
iciency (curve IVA^). The added Increase in efficiency due 
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to regenerator effect ie quite unifora (curve IV-B3) 

follows the same genera 1 trenc* of curve IV-A3. These curves 
chow 

show a marked Improvement In efficiency; the values at pre- 
ssure ratio of 4, the efficiency is Increared from .089 to 
.111, an improvement of 5O.7 per cent. It Is to be noted 
that when curve lA is compared to erve at a pressure 

ratio of 8 the increase in efficiency due to turbine comp- 
ounding in from .078 to .106, an increase of 35.8 percent. 

In this syrtern the added increase d ue to utilization of bleed- 
off air (curve IV-C3) follows the same general efficiency 
trend of the simple turbine compounding system (curve IV-A3) . 
The accumulative effect of adding the increase in regerier- 



level, following the general trend of curves IV-B3 and IV-G^. 
It is Interesting to note that the oeak effic iency of this 



of nr8S'^”ro ratio of 8 to 1 . The dotted curve above curve 
IV-D3 is the curve IV-D3 modified by recalculation, found 
nece'^sary due to inaccuracy of average Cp In this region. 

D. Effects on Turbine Compounding and Co.i -ressor 
Compounding. 

In consideration of the benefits obt: ined fron sc.^^arate 
conpeu It iri;' of the compres^i'^n (serior curves II anf’ ill) and 
turbine costpounding (cur/e IV), it is pro osec in this section 
of the onpe> to consider a cycle in which the compressor air 
is compounded and the turbine gases are compounded and the 



ator effect (curve 




brings the efficiency to a high 



system with It'^ various modlf icaticnr 



oc'-ur*^ 3n the ’'IciUty 
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turbine i^asec are comDounded. To make reasonable comparisons 
in this fiudy of f lexibllity the same asnumptions were made 
with respect to turbine efficiency, comprescor efficiency, 
temperature of gases, etc. In this study curve V represents 
50 % compressor intercooling and turbine c o rap. ^ uncling and Curve 
VI represent 100^ compres or intercooling and turbine comp- 
ounding. Cince this cycle proposal is by far the most inter- 
esting the individual flexibility ofiocta will be consicered. 

1. In the consideration of the effect of intercooling, 
curve V- H represents 50^ compressor intercooling and turbine 

compounding and curve VI-A^ represents 100;^ compressor inter- 
cooling anc’ turbine compounding. It is noted that as the 
prerrure ratio of the systems is increased in the vicinity 

A 

of 8 to 1 there is a marked improvement in efficiency. It 
is also noted that this increase in the higher pressure ratios 
is not very sensitive to the efficiency of intercooling. The 
relative Increase in output is noteworthy. We may conclude 
that with combined com nounding we can expect a profound im- 
provement in efficiency. <'utput increase is considerable 
even ?/hen we G'n^'ider the intercool In'" of 50“^. 

2, .is has been discussed in Section IV A the regener- 
ator effect is Important in the consideration of any gas tur- 
bine unit. Curve V-B4 represents the regenerator effect upon 
turbine compounding and curve VI represents the effect upon 
the system of comore'^sor compounding 100^ intercooling. As 
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suggested In section IV-A we are assuming a .jean temperature 
differential of 15O degrees to limit the .size of the regen- 
erator. In analysis the overall efficiencies of the cycles 
are Improved hut the effec t on outout is not very great. 

This method of heat utilization merely reduces the fuel con- 
suinrtion by the transfer of heat from the exhau«-t gases to 
the air prior to entering the combustion chamber. 

3, In the study of the effect of bleed-off utilization, 
curve V-C4 rspresentr the bleed-off effect upon the 50 % 
intercooling compressor and turbine compounding, curve V-B4 
represents the same system as curve V-Cij. with the effect of 
a regenerator added; compressor and turbine compouncing, 
curve VI-D^ represents the same system as curve VI-C^ with 
regenerator effect added. In ano;iysis as the prasoure ratio 
is increased in the systems the efficiency of the base cycle 
goes up, thus making larger quantitl es of air at higher tem- 
peratures available for bleed-off utilization. As the press- 
ure ratio of 8 to 1 is reached the optimum efficiency and out- 
put comditions are reached and the effect then levels out, 
very much in keeping w ith the tendencies of the base cycle. 

We may thus conclude that with combined compounding in the 
vicinity of pressure ratios of 8 to 1 we may expect a marked 
Increase in efficiency and output. 
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Practical Acpect-c of Recaltc and Recommendations. 

In review of the results obtained from the theoretical 
analysis of r. tability conditions of the gas turbine unit, 
the nathenatical data, and the interperata tion of these 
results; it ar-earr that bleed-off utilization would serve a 
very practical purocse. T"he flexibility of the unit would 
merely be a chatter of preparing a schedule of bleed-off and 
readjusting existing schedules to conform with the new re- 
quirements. The problem does not resolve itself so simply, 
for although good results were obtained f rom bleed-off 
utilization with regard to efficiency and output increase; 
there gains were predominant in \jnits of varying degree of 
c 1 lo> i ’•.y %'ith arnitlon^- of comprersor intercoolers and 
turbine :-oji : und in combustion chambers. One of the great- 
e?.t ad'/sntagos of the ga'^ turbine in its present day devel- 
opement hn^- be-=>n t <e factor simplicity, the unit so assem- 
bled with all the apparatus on one shaft and no water re- 
quired i I any of its various stages. The factor of com- 
plexity could easily be condoned if the unit would justify 
the additicnaT expense via added increase in output and 
efficiency. This is not 4n the realm of practicality in 
bleed-off utilization for it is noted that in the units 
s:i- wing good gains in efficiency and out ut the ore''Sure 
ratio is In the vicinity of 8 to 1. The assumption made 
relative to cor.if reiser efficiency equal to .85 ivould not 
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would not hold at such high pressure ratloo. Thus the 
results obtained ar shown in curves V and VI would not hold 
in view of present day comnres'^or development . The gains 
in efficiency and output would thus have te be modifiod and 
calculations with this factor in nine show a drastic drop 
in efficiency an d output. After careful consideration it 
is the opinion of the author that In view of present day 
units and development the prcosal of bleed-cff utilization, 
and thus flsxibi i ty , would not warrant the expense of the 
additional turbine wheel. 

In koeoiny with the important thought of gas turbine 
flexibility the author wishes to propose other avenues in 
search of thlvS goal, v'et coraprenaion in the high pressure 
ratios merits the investigation, of further analysis. 
Centrifugal turbines have ar-used some interc^’t and a com- 
plete analysis would be an important contribution. Compos- 
ite compressors, combining axial flow strgec with centrlfugrl 
stages, present interosting pos''ibilities for pas turbine 
units of greater flexibility. 



V. VMtTLE CMlCmAriOJiS 



It in the purpoce of this section to Illustrate the 
method and principles used in the calculation of matheoatical 
material in this paper. At this point it would he appropriate 
to discus© the accuracy of the results obtained. For ease of 
com putation the specific heat of the exhaust gases is assumed 
to be that of air; although this method of computation does 
not give absolute accuracy; the errors involved duo to this 
assumption are so erosll as to be negligible. 




Cfiven data: T© r 530®R xIq s .85 

To2 : 150O°r = .85 ^ ^ 



k (for comprerslon) s 1«395 $ k (for expansion) s 1.35 

cp ( " “ ) s .241 , cp ( ’• « ) z -2644 

The gen o ral energy equation 

( 1 ) dL / dQ s CydT / 1 PdV / 1 VdP / _ 1 _ v dv 

J J Jg 

In analysis if we use total tempera tureo the velocity term in 
the general energy equation will fall out. Since wo can assume 
in this basic development that the comprenslori is adlaba tic(dQ»0) 
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(2) dL = C dT / 1 PdV / 1 VdP 

^ J J 

Now knowing Pv a RT 

(3) PdV / VdP - RdT and substituting in (2) 

(4) dL r C dT / RdT r (C„/R) dT = C^dT 

^ V ▼ 

VA Siople Cycle 

A, Thus the work cone by the compressor in cooprecslng 
the air is 



( 5 ) 


i. 

dL s Wi CpdT 

To 




( 6 ) 


L s Cp (Toi-To) 


ideal 


( 7 ) 


f>c s ^1 Cp ( Toi“Tp ) 


actual 


( 8 ) 


>:l'c 

^zL 

IqI . ZqI^ 5 Tol 
To ' Po 


k-l 

= Tf. t 

PT 




Tol = 530 ( 4 )*^®^ 


- 787 ° R Ideally 



(Q) L r .241 (257) s 73 BTU/lb. air compressed 
C .85 

B. Turbine Calculations 

k for air at I500OR r 1»550, Cp s .2644 

k -1 .259 • . ^ 

U) ^02 - » 1522 = i '^03 = 1045OR 

■ 3^03 *^03 ^ 

(2) hi z Cp n^ (T02-T03) • C2644) (.85) (455) 

s 102.6 BTU/lb air comprecsed 
Now net work available for po wer and bleed off is 

(3) 102.6-73 I 29.6 BTU/lb. air 

and since we are asrumlng that we will be at half load there 
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will be l4*8 3TU/lb* air available for power purposes and 14,8 
BTU/lb air available for b leedoff to ataosphere* 

C. In order to calculate the efficiency of the cycle we must 
find ' the weight of fuel necesoa ry to sustain the cycle 
under conditions of half load. Fuel used will be kerosene, 
with a L.H.v. equal to 1900 BTU/lb. 

The weight of air for net power purposes will be ^rom work 
term balance) 

( 1 ) 73 / 29.6 s 102.6 

^ .224 lb air/sec 

Writing a heat balance for combustion we obtain 

To2 

(2) Wi-Wx C^dT « w H s 1900W 

Tol 

(3) Cp average s .241 / .264 - .257 

2 

(4) w = . 776 (.257) (668) = .0072? lb fuel/lb air/sec 

19000 

^P2 

Pqcie • ^pl ^t *" ^c 

(iM (To2-Toi) actual 

“cycle z 14.8 DTU/lb air/sec , .0885 a t half load 

l6S .5 BTU/lb air sec 

D. From the 14.8 BTU/lb air bleed off we will try to reclaim 
some work via turbine wheel as proposed. Wo will assume eff- 
iciency equals ,60 for this seperate turbine wheel. We know 
that the temperature of this bleed-off air is the discharge 
tei.perature of the compressor. 

Tqi r 832“ R actual, s 530 “ R 
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pQl s 4 , Cp r .241 , Wx2 s .112 lb, air/sec. 

Thus with thlB given date the additional amount of work 
obtainable is 

(1) L « Wx2 Cp (Toi^To)s(.112)(,6)(.24l)(502).5.75 BTU lb air 
The cycle efficiency with utilization of bleed-off air as 
proposed w ill now be 

"cycle = < ""If 1°"^ 



E. Percentage increase of efflc iency 

T§§^ = -277 

F. Percentage Inc rease of output 

(1) ^ = .389 



V B Compounding the Compression - ^ 0 % Intercooling 



A, T7e shall accomplish the compression in two stages such 

that Poa 1*01 ^oa - which yields minimum 

Po Poa 

work. The intercoolin g reduces the temperature of the air 
at pQa* ^hen the temperature of the air is reduced to the 
temperature of the air at it has been subjected to what 
may be called perfect cooling, 

k- 1 

(X) Po. = 2 ; Toa* To pQa k r 530 (1.216) « 640°R 

Ideal 7 ^ 

(2) Lci- Vi Cp (Toa-To). .241 (110) ^ 31.3 BTU/lb air 

no ~rs5 

With 50 per cent Intercoollng Tq « 595® R 



(3) Toi S 595 (1.232) = 732° R 

('^) tcZ 2 .241 (137) 2 38.8 BTU /lb alt 

•85 

(5) Lci / Lc 2 a 70.1 BTU/lb aif 
B. Turb Ine Calculations 

(1) (1) from VA-B s 102.6 BTU/lb air 

Met T/ork 

(2) 102.6 -70.1 s 32.5 /lb air 

^ol actual * 756® R 
(1) 69.2 W^/ 35.5 Wxr 102.6 (W^-Wx) 

* *257 lb air/sec/lb conipresse(3 air 
Solving for fuel air ratio as is VA-C-(2),(3) 

^ z • 143(.257)(756) = .00765 lb fuel/lb air/sec 
19000 

(5) n^ycle = 16«25 BTU/lb air /sec = .0870 at half load 

lb^.5 BTU/ib air/sec 

D. Solving for increase in turbine work by use of bleedoff air 

(1) hm .178 ( .241) (213.5) S 6.61 BTU/lb air 

(2) • i 16 .2 / 6.61 )2 .101 

IH675 

E. Percentage increase of efficiency 

(1) •Ql^ * .161 

.0870 

F. Percentage increase of output 

(1) 6.61 - .409 

1^T2~ * 

G. Solving for increase in turbine work due to bleed— off air 
plus regenerator effect. 

(1) L- 6.61 / 3.62 r 10. 23 BTU/lb air 
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(2) . = 26.43 = .142 

H. Percentage increase of efficiency 

(1) .054 - .62 

TW “ 

I, Percentage increase of output 

(1) 10.23 = .63 

1^.2 

Z ^ CoTTipoundin^ the CompreGsion ~ 100^ Intercooling 

A. Codprercor 

(1) s 33 BTU/lb air for 1st stage 

(2) L ^2 z 33 BTU/lb air for 2n d stage 

(3) Lci / Lc 2 Z 66 BTU/lb a ir 

B. Turbine Calculation 

(1) from VA-B - 102.6 BTU lb air 
Het Work 

(2) 102.6 - 66 • 36.6 BTU/lb air 

'^01 actual * 666.5° ^ 

(1) 66 / 36.6 s 102.6 (Wi-W^^.) 

s .262 lb alr/scc/lb air 
Solving for fuel air ratio as VA-C (2), (3) 

(4) ws . 738 (257) (833.5 ) z .0083 lb fuel/lb air/sec 

19000 

(5) ncvcle « 18.3 BTU /lb alr/sec r .088 

^ 20S BTU/lb alr/sec 

D. Solving for increase in turbine work by using bleed-off 
air an proposed 

(1) L a .131( .a»l)(l'56»5) r 3.04 BTU/lb air 



"nvM. = 08.3/ 3.04 ) ; .102 
cycle 205 
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incro^r» of offlclency 
(1) .014 s .150 

F, ?ercQit«r© Increnrof in output 

U) 5.04 a .166 
lr3.3 

Z ^ Ccn-c’jn^^inr, t^sg Tt:rnine 

/♦ rh® large surrl’i^' of al*" ’/:<iop the tviexiaura 

to.rp^r ator® of the h ot ’asep to o renff -'na’^lo level is in 
aoalyrlr o «?etrijnent to hl<*h efficiency. The f.ml rufc’ly io 
li'iil " 0 c t z an anount noerlet? to raloo the tennorntnre of the 



air fr 


t o 


now 


arrange 


tho expcnrlon in the 


t •rbio': 


i“i tv" 


■•taoec, 'y ’ 




’on exbaurt gar. on from 


the nrr 


j ,. f ^ 


t' a hft'tinr 


chanber 


the orlcinnl m«'=xiT:iua 



ts' --r • ■ r*’ r-v t red t? th» garcr. In thlr nanner wo con 
i osJt? to thft o rib' Utl^r of o core efficient way In which 



to u'-e V 8 eir. 



(1) l*ob • ^o2 » this ratio ogcuco^ bocaooe It ylcldo 

2 

higher efficiency thou the geometric siesn between Fp ■^5 

I o rr 

<2) Iq2 



( P„^ ? 1500 = (2)*^^? Tj,j,s 1500 , 1250“ « 



^ob 



Ob 



‘Ob 



1.197 



n» 



actual 



S 1294*^ 



(3) s Cp C*^o2*‘^ob)= *^5 X 2'30 x 56.3 bTU/lb air 

(4) Lt 2 s Cp (Tos-- Top) s 56.3 ?ifU/ lb air 

(5) Lti / Lt 2 = 112.6 BTU/lb air 



Kow n*t work a\^all3bi« for r\,^’ ‘/i -i*(*-.orr li» 

(6) lI2.'^-73 - 39.^ air 

thar^fore 19.S ^T’/lbPlr i* |Vi^ oi^c.-o-f to 

3» faliiht of air for ii«t powftr ♦ro'^ wi"?’ box 
(1) 73 / 39*6 2 11?,^ 



*262 lb air/p«c 



C. ^eirbl of fve' ucef^ 



(1) w - .733 (.2)7) ( 10) - 

r-vel/.738 lb alr/cec 



( 2 ) ^cY"le = 



r «039 at h.olf loar* 



P* Effic ioncy oa)cj7at«ior\ wit#?* r o i © i *» L o r 

n 5 24.6 2 

cycio 222* *111 ct nol. to :,6 
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Z E Rettenerator rlth Conprcsncr and Turbine CompoundinR 

A, In this section of the paper we will give consid- 
eration to the uti’.ization of the heat valve in the exhaust 
gases in heating the discharge air from the compressor be- 
fore it enters the burner chamber. In thus heating the 
coGiprersed air to a temperature near that of the exhaust we 
have to supply a decreased amount of fuel to bring it to the 
final maximum temperature. To limit the size of the heat 

j 

\ 

inter-changer we will limit the temperature exhaust gases to 
120 degrees. To illustrate the problem method let us compute 
the added efficiency due to regenerator effec t for combined 
compressor and turbine compounding . (VD- B3) 

(1) Toi= 666. 5° R 

(2) r 1294° R 

(3) a 1144^ R: ten-perature of air after regenerator 
effect • 

\ Th e amount of fuel necemary to raise .708 lb 

air from 1144® H to 1500® R equ© Is 

(4 ) w • . 708 ( .257) ( .356) s .0032 lb fuel/. 708 lb air 

19000 

which adds hea t equivelent of 6.2 uTU/lb air to the cycle 
(5) .0032 (19»000) - 6.2 BTU/lb air 

T hus 

"cycle S ( 23.3 / 6.2 ) s .115 

253 

or percentage increase in efficiency of 26 per cent. Addition- 
al turbine wheel effect for bleed off air 



(7) 



’^cyclQ 



?4.05 

25.3 



. 13-4 



or percentage increoae over (a) In effic icncy of 52.2 per cent 
B. Net work available for power and bleed-off in the 
various cyclee. 

(1) Simple cycle: 112.6-75 = 59.6 ETU/lb air 

(2) Gompreccor Intarc ooling, 50 percent; li:.6-70.1 • 42.5 

STU/lb air 

(3) Comprecsor intercooling 100 percen t; 112.6-66 • 46.6 

3TU/lb air 

C. Fuel weight and efficiency ca lculc'3 tirns 

(1) Simple cycle 

(a) 73 / 39.6 = 112.6 

Wxs .260 lb air/soc 

(b) w r ( .74) ( .257) ( 668) s .0068 lb fuel/lb air/sec 

19000 



(c) n , _ s 19.2 3 .089 at half load 

cycle 

(d) Ldncreaced) r (.13) (.241) (302) s 6.65 BTU/lb air 
"cycle = 11^ = 120 



Percentage increase of efficiency * .33 
Percentage increan'e of outo it - .346 
(2) Cycle with comprececr intcrcooiing, 50,< 

(a) 70.1 Ui / 42.5 s 112.6 

s .279 lb alr/eec 

(b) w - ( .721)(.257)(756) = .OO738 lb fuel/lb air/sec 

19000 

^cycle = s .0875 at half load 
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(d) L( increase) s( .139) ( .241) (218.5) = 5.2 Bltj/ lb air 
(g) r 21.25 / 5.2 I .109 

(f) Percentage increase of efficiency = .24 

(g) Percentage increase of output s .254 



(3) Cycle with compressor intercooling, 100^ 
(a) 66 Wi/ 46.6 s 112.6 

.292 lb alr/sec 



(b) 



’^cyclo 



23.3 s .0885 

25.3 



(c) w« ( .708) ( .257) (833.5) = .0080 lb fu el/lb air/ sec 

19000 



(cl) 



(e) 



UincreaseO* ( .96) ( .241) ( I56.5) a 4.55 BTU/lb air 



(f) Porcentage increase of efficiency - .15 

(g) Percentage increase of output r .195 
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